properties of chrY (including the lack of meiotic crossover and the presence of numerous highly 23 repetitive sequences) have made the identification of causal variants very difficult. Despite the prior 24 lack of reliable sequences and/or data on genetic polymorphisms, earlier studies with animal chrY 25 consomic strains have made it possible to narrow down the phenotypic contributions of chrY. Some 26 of the evidence so far indicates that chrY gene variants associate with regulatory changes in the 27 expression of other autosomal genes, in part via epigenetic effects. In humans, a limited number of 28 studies have shown associations between chrY haplotypes and disease traits. However, recent 29 sequencing efforts have made it possible to greatly increase the identification of genetic variants on 30 chrY, which promises that future association of chrY with disease traits will be further refined. 31
Continuing studies (both in humans and in animal models) will be critical to help explain the many sex 32 biased disease states in human which are not only contributed to by the classical sex steroid 33 hormones, but also by chrY genetics. 34 Introductionpossible mechanisms whereby MSY could contribute to such diverse phenotypes. In this review, we 94 will discuss how the growing body of research is contributing to change our view of MSY contributions 95 to complex phenotypic traits. 96 97
The contributions of genetic MSY variants to phenotypic traits may segregate from that of 98

sex hormones 99
One of the prevailing views of mammalian sex determination is that male and female somatic cells are 100 initially indifferent, with sexual dimorphisms being imposed by the type of gonads initially developed 101 (137). In this view, the Sry gene in mammals initiates testicular development and suppresses ovarian 102 differentiation (87) (127) . Once the gonads in respective sexes are formed, hormones secreted by the 103 gonads (estrogens by the ovary or testosterone by the testes) result in further sex differentiation 104 (132)(112). However, there is evidence that sex chromosome complementation (i.e. XX vs. XY) plays 105 roles that are independent from that of gonadal steroids. For instance, several reports showed that in 106 placental mammals, early XY embryos are more advanced than XX counterparts at gestational times 107 that occur before the time of gonadal differentiation (16). Likewise, almost one-third of transcripts in 108 bovine blastocyst (including MSY-encoded genes other than Sry in male embryos) show sexual 109 dimorphism in their expression levels (11). However, expression of MSY genes may not be the only 110 ones responsible for these differences, because inactivation of chrX-linked genes is incomplete in 111 blastocysts, so that expression of most corresponding transcripts is up-regulated in female vs. male 112
blastocysts (11). 113 114
Outside of initial gonad development, most phenotypic traits with differences between males and 115 females are commonly thought to result from differences in circulating estrogen and testosterone 116 between the sexes. For example, the increased risk of cardiovascular disease in males is thought to 117 be primarily contributed to by the lack of estrogen's protectiveness in males, thus explaining why risk 118 increases in females after -menopause (69). Many reviews have focused on the hormonal 119 contributions to sex differences in phenotypic traits for human and animal models 120 (95)(96)(129)(80)(67). However, many MSY genes are expressed outside of gonads. In humans, the 121 contributions of MSY genes and contributions of protein products are illustrated by the data provided 122 by the Human Protein Atlas (126) (Fig. 1) . Both in higher primates and rats (but not mice), genes 123 such as Sry show a similar pattern of expression across tissues (124), including a high level of 124 expression in kidneys (3). Expression of MSY genes in tissues other than male gonads thus 125 represent potential for genetic contributions of MSY to sex-dependent differences, and highlight the 126 need to elucidate the functions of these genes outside of sex determination and the physiology of 127 male gonads. 128
129
Is there evidence that the contributions of sex hormones to phenotypic traits segregate from that of 130 sex chromosomes? In humans, the majority of sex reversal disorders (XX males and XY females) 131 involve the translocation or mutations of the SRY gene. In such, an XX male commonly has SRY 132 translocated to autosomes, whereas an XY male commonly has SRY mutations that perturb the 133 function of the protein it encodes for. In XY female athletes, MSY has been suggested to associate 134 with stature in an androgen-independent manner (42). While future studies of these patients may 135 elucidate the genetics of sex differences in disease susceptibility (82), progress of this field of work is 136 greatly limited by the rarity of such subjects. 137
138
By dissociating Sry from MSY in animal models, it has been possible to mimic the sex reversal 139 genetics of humans, and thus create XY "gonadal" females and XX "gonadal" males, which provide 140 models to study the genetic contributions of sex chromosome in greater detail. In particular, a panel of 141 four mouse strains constitutes what is referred to as the model of "four core genotypes"(FCG) (6). 142
The panel comprises two types of "gonadal males" [i.e. the wild-type XY males (XYM) and the 143 transgenic XX males (XXM)] and two types of gonadal females [i.e. the wild-type XX females (XXF) 144 and the Sry-deleted XY females (XYF)]. Comparisons between strains have made it possible to 145 differentiate between the effects of "gonadal" vs. that of "chromosomal" sex. For instance, differences 146 between XYM and XXM should be due to sex chromosome complementation rather than to 147 androgens. Likewise, differences between XXF and XYF should be due sex complementation rather 148 than to estrogens. 149
150
Although the FCG model has been used predominantly to show the impact of sex chromosome 151 complementation on either behavioral traits or neural functions, the model has also made it possible 152 to show that sex complementation affects systems other than the central nervous system (6)(5). For 153 instance, in mouse models of autoimmune diseases, XX mice are more affected than XY mice, with 154 the difference being irrespective of their type of gonad (116). Likewise, treatment of FCG mice with 155 angiotensin II causes different changes in blood pressure in XX vs. XY mice, with the effect of 156 chromosomal sex going even in the opposite direction from that of sex steroids (50). Sex 157 chromosome complement has also been shown to play a role in the susceptibility to some viral 158 infections (99) as well as to several metabolic phenotypes, including adiposity, feeding behavior, fatty 159 liver and glucose homeostasis (64). 160
161
Despite the utility of the FCG model, it cannot fully differentiate between the respective influence of 162 chrX and chrY. In that model, chrX may be implicated via differences in either: 1) chrX gene dosages 163 (in case of incomplete inactivation of chrX genes), 2) chrX gene imprinting (as ChrX genes receive 164 different paternal imprints in XX and XY mice); and 3) in chrX allelic mosaicism (present in XX, but not 165 in XY animals) (6). However, additional lines of evidence indicate that MSY itself may have an impact 166 on a variety of biologic functions, either in humans or in animal models. 167 168
Genetic MSY haplotypes and human disease 169
In human males, comparison between groups carrying genetic variants of MSY has provided 170 evidence implicating MSY more directly in the regulation of biologic processes and disease 171 susceptibility. In initial studies, a HindIII restriction fragment polymorphism in the centromeric MSY 172 region was shown to associate with either lower blood pressure (35), higher blood pressure (22), or 173 higher plasma cholesterol (21) in Caucasian populations. However, these associations were not 174 replicated in more recent and well-powered subsequent studies (100)(107)(56). One possible 175 explanation may be the existence of multiple stata within a HindIII haplotype, such that a single 176 marker does not segregate populations with enough resolution for association studies (100). 177
178
More recently, a system using a panel of binary single nucleotide polymorphisms (SNP) markers has 179 made it possible to divide human MSY into a phylogenetic tree containing well-defined haplogroups 180 (51). This system also provides investigators with tools to perform more robust association analyses. Nonetheless, reciprocal F1 hybrids also differ in terms of maternal environment, of ova cytoplasm, 202 and in the origin of chrX. Less ambiguous models are those provided by chromosome substitution 203 strains (CSS)(also known as "consomic" strains), where one particular chromosome within a host 204 strain (A) is substituted by its counterpart from a donor strain (B) (77). MSY consomic strains are 205 created by first intercrossing a male from strain B to a female from strain A, and then using the 206 resulting F1 males for multiple generations of backcrosses to the host strain A (Fig. 2) . This creates 207 the consomic strain that shares with its host strain the same: 1) genetic background (including 208 chrY PAR , autosomes, chrX, mitochondrial DNA), and 2) pre-and postnatal maternal environment 209 (including inoculated microbiota). In the resulting model, the only differences between the consomic 210 and the host strains relate to the composition of MSY, thus providing a way to bypass the 211 experimental problem resulting from the lack of recombination of MSY. In mouse and rats, nearly all 212 studies rely on identifying first sex-dependent differences between two inbred strains, and then 213
showing that the differences co-segregate with the MSY in consomic strains, a procedure that 214 minimizes the possibility that the MSY-dependent phenotypic differences derive from genetic 215 alteration of the MSY in the course of generation of the consomic strains. Phenotyping of consomic 216 strains has been performed for a variety of selected phenotypes in either mice or rats ( Table 1) . More 217 recently, larger scale standardized phenotyping efforts have been performed in rats 218 (http://pga.mcw.edu). 219 220 Both in rats and mice, MSY variants were found to impact on a large variety of phenotypes, and 221
several possible mechanisms have been tested to account for these differences. In mice, the genetic 222 contribution of MSY represent a particular situation: although classical mouse laboratory inbred 223 strains are overwhelmingly derived from M. m. domesticus (of European origin), MSY is derived from 224 M.m. musculus (of Asian origin) for most strains (78)(12). It was therefore hypothesized that some 225 effects of MSY may relate to the subspecies origin of MSY in mouse, and this possibility was tested 226 using models where MSY from a large number of donor strains were introgressed into one particular 227 host strain (120)(18). In one study, MSY from M.m. musculus associated with significantly lower 228 plasma HDL-cholesterol levels than in strains carrying MSY from M. m. domesticus (120). In contrast, 229 associations co-segregating with the MSY sub-species origin were not found as a possible 230 explanation for some immune-related phenotypes (18). 231 232 Interestingly, MSY-dependent phenotypes in mouse often appear to relate to several aspects of 233 androgen biology, including adult plasma testosterone levels (52) (14) (121)(17) or the effects of either 234 post-pubertal (52)(74)(66) or perinatal testosterone (89) on several organs. In the course of evolution, 235
where genes are usually selected on the basis of their advantage for the survival of the species, it 236 makes evolutionary sense that the father-related transmission of MSY variants could relate with 237 androgen-related biology. Indeed, evolutionary advantages of variants transmitted through the 238 paternal cell line are bound to concern preferentially male-related biologic features, which includes the 239 production of androgens and/or their biologic effects (45). Of note, the effects of sex steroid 240 hormones fall in two categories: 1) the organizational effects (which are permanent and occur early in 241 development), and 2) the activational effects (which occur after puberty and are transient) (24)(4). In 242 essence, the early organizational phase programs the developing organism for how it will respond to 243 sex hormones later during adult life. The organizational effects of sex steroids are limited to a 244 restricted period of sensitivity called the "critical period of sexual differentiation". The timing of that 245 critical period is species-specific: in rodents, it includes the last two days of gestation and the first 246 days of postnatal life (28)(133). In all mammals studied to date, there is an abrupt discharge of 247 testosterone in the first few hours after birth (26) . Postnatal testosterone appears to have actions that 248 are distinct from that of testosterone during gestation (108). Altogether, perinatal testosterone has 249 important effects on several aspects of sexual differentiation, as it shapes several behavioral patterns, 250 the development of external genitalia, the programing of the adult pattern of secretion of 251 gonadotrophins and growth hormone, and several brain neuroanatomical features (132)(129). 252 However, it appears that perinatal testosterone may also have long-term consequences on other 253 phenotypes, including the rate of body weight increase (9), several metabolic functions 254 (79)(76)(31)(101) and the general organization of circadian rhythms (2)(139). In at least one instance, 255 the effects of MSY on adult phenotypic traits were found to be a consequence of differential effects of 256 effects of MSY variants, there are also other studies reporting that these effects may be independent 268 from testosterone. One example is that of differences in the concentration of neurotransmitters in 269 certain brain areas (14)(121). In another study, MSY variants were found to impact on the mortality 270 rate following infection with coxackievirus B3 (CVB3) through the basal levels of invariant natural killer 271 T cells and to associate with the severity of experimental allergic encephalitis; both types of effects 272 appearing to be independent from differences in testosterone levels (17)(18). 273
274
Since rats provide additional benefits over the mouse for measuring cardiovascular phenotypes, 275 studies using rat MSY consomic models have focused primarily on such cardiovascular traits (43). 276
Initial studies on the impact of exchange of the MSY between the spontaneously hypertensive rat 277 strain (SHR) and the normotensive Wistar-Kyoto (WKY) strain suggested contributions of the MSY to 278 blood pressure (39). Similar effects were found when the MSY originated from the SHR stroke prone 279 (SHRSP) rat strain (30). Additional studies using MSY consomic models between SHR and the 280 Brown Norway (BN) rats (57), the BN and Dahl salt sensitive strain (SS) rats (72), and BN and Fawn-281 hooded hypertensive strain (FHH) rats (71) suggested that something exclusive to the MSY from SHR 282 contributes to blood pressure differences between males and females. As in some mouse studies, 283 the effects of the MSY from SHR appear to be androgen-dependent, since: 1) its contribution to blood 284 pressure is blocked when SHR MSY consomics are crossed with the testicular-feminized rat 285 containing a loss of function mutation to androgen receptor (AR) (38); and 2) the timing of the rise of 286 testosterone at puberty is altered in SHR MSY consomics (37). Interestingly, the SRY gene has been 287
shown to interact directly with AR in humans, thus suggesting one possible mechanism (136). 288
289
Other experiments using rat consomic strains have shown that the effects of MSY variants are not 290 limited to strictly cardiovascular traits. For instance, consomic exchange of MSY between the BN and 291 SS rat strains suggested that MSY variants could alter kidney functions such as urinary albumin levels 292 (72). Likewise, rat MSY consomics also show differences in the concentration of brain 293 neurotransmitters, in learning and behavior, and in features of the metabolic syndrome (including 294 blood lipids) (57, 118, 124) . High-throughput phenotyping protocols were applied to consomic rats 295 where the MSY from either SS or FHH rats were introgressed within the BN background 296 (http://pga.mcw.edu). About 200 different traits were tested in these models, with results suggesting 297 that MSY may contribute to a wide range of phenotypes, including differences in body size, in organ 298 size, in the properties of white and red blood cell properties and the amplitudes of vascular responses. 299 300
Profiling of expression of MSY genes in tissues suggests functions in organs other than 301 testes 302
As mentioned previously, the expression of several MSY genes outside of the testis (Fig. 1) indicates 303 that they may play roles unrelated to male reproductive functions. Among those genes, the one that 304 may have been characterized in greatest detail for its roles outside of testis is Sry. In the brain, Sry 305 has been tied to a variety of functions, as reviewed recently (124). In the human digestive system 306 (particularly in the colon), SRY is expressed at readily detectable levels and it has been suggested as 307 a potential regulator of genes involved in Hirschsprung disease, potentially explaining the 5:1 male to 308 female ratio of this disease (65). Likewise, the readily detectable levels of SRY expression in human 309 skin may be significant in light of studies showing correlations between SRY expression levels and In C57BL/6J and C57BL/6J.MSY A/J mice, strain-specific differences were found in the cardiac 344 expression levels of Uty and Kdm5d, two MSY-encoded genes that both belong to the family of H3 345 lysine demethylases (134)(109) and also ubiquitously expressed in humans (Fig. 1) . Although 346 differences in the expression of these genes were limited in mouse hearts to just the first postnatal 347 day, that period corresponds to the time known as the critical period when androgen is believed to 348 exert programming effects. Interestingly, UTY in humans was also found to be expressed at lower 349 levels in macrophages of men with MSY haplogroup I (which associates with increased risk of 350 coronary artery disease) (13). 351
352
In mammals, chrY and chrX evolved from an ancestral pair of autosomes. In humans, only 3% of the 353 ancestral genes have been retained on chrY, in comparison to 98% on chrX (10). However, recent 354 sequencing efforts of the euchromatic part of MSY across eight mammals has revealed that the genes 355 that have resisted decay belong to a group that cannot result from a random selection process. Since 356 these genes correspond to ancestral X-Y gene pairs that escape inactivation in females, the surviving 357 gene pairs (X-X in females, X-Y in males) appear to be dosage-sensitive regulators. Moreover, these 358 genes are expressed in a wide spectrum of tissues, and can be categorized into five overlapping 359 functional families, i.e. regulators of chromatin modification, of ubiquitination, of transcription, of 360 splicing, and of translation (10). These genes therefore appear to be potentially important regulators 361 of a wide range of vital cellular functions in several tissues, which provides possible mechanisms 362 whereby MSY gene variants could contribute to many different aspects of health and disease. 363
MSY variants may regulate autosomal genes via epigenetic chromatin remodeling 365
Several lines of evidence indicate that some of the effects of MSY genes are mediated via changes in 366 chromatin organization. Hearts from both castrated and intact C57BL/6J and C57BL/6J.MSY A/J mice 367 show differences in their transcriptomic profile, along with strain-specific differences in the identity of 368 testosterone-sensitive genes (66). These differences in gene expression are accompanied by strain-369 specific differences in the distribution of androgen-receptors in cardiac chromatin, with some of the 370 differentially occupied regions matching the loci of differentially responding cardiac genes (89). 371
Differential distribution of androgen receptors is also observed in cardiac chromatin from 1 day-old 372 pups, along with differences in the distribution of accessible chromatin sites and of H3K4me3 marks 373 (which characterize active promoters). Within the genes closest to sites showing differential H3K4 374 trimethylation, functional enrichment was observed for genes related to nucleosome organization 375 and/or regulation of nucleic acids. Other studies using C57BL/6J and C57BL/6J.MSY SJL mice have 376 also documented strain-specific differences in the transcriptomes of CD4 + T cells (18). When 377 differentially expressed genes were tested for enrichment for functional Gene Ontology (GO) terms, 378 many terms were associated with chromatin modification events whose dysregulation may affect gene 379 transcription. MSY was also associated with alternative and differential splicing of genes in both CD4+ 380
T cells and macrophages in C57BL/6J and C57BL/6J.MSY SJL male mice (18). 381 382
The above results are compatible with recent results describing the functions of genes retained on the 383 MSY of several vertebrates. The numbers of such genes vary across species, ranging from 17 in 384 humans and only 9 in mice (10). However, 5 out of these 9 genes (Sry, Rbmy, Ube1y, Usp9y and 385 Zfy) have evolved testis-specific expression in mice. The remaining broadly expressed genes are Uty 386 and Kdm5d (involved in the processes of chromatin modification and/or ubiquitination) and Ddx3y and 387
Eif2s3y (involved in the processes of RNA splicing and/or translation). Uty is the counterpart on MSY 388
of the Utx gene on chrX; in mice, encodes proteins that form functional complexes with other factors, 389
and has functions that are partially redundant with those of Utx (61)(113). Despite being part of the H3 390 lysine demethylases family, Uty (in contrast to Utx) is devoid of such enzymatic activity, but acts 391 primarily as a recruiter of the H3K4 methyl-transferase complex (113). In addition, UTX and UTY have 392 the ability to regulate the activity of several promoters by association with BRG1 (the ATP-dependent 393 subunit of the chromatin remodeling Swi/Snf complex) (61)(113). BRG1 has also been shown to 394 induce chromatin modifications that allow androgen receptors to bind to their cognate response 395 elements, and is required for effective transcriptional regulation of androgen-regulated genes (29)(63). 396
The data suggesting a role of Uty in MSY-dependent phenotypes in mice might be interesting in light 397 of the fact that in humans, MSY haplogroups show differences in the level of UTY expression in 398 macrophages (13). showed that polymorphic MSY associate with quantitative effects on the expression of several 412 hundreds autosomal genes (62)(138). These effects do not appear to be linked to the products of 413 protein-coding genes, but rather to effects of MSY heterochromatin that may sequester chromatin 414 regulatory factors. 415
416
The SRY protein is also known to play roles in the remodeling of chromatin architecture. It recruits 417 heterochromatic protein 1 (HP1) to DNA through the most abundant repressor domain in the human 418 genome, KRAB (81). KRAB subsequently recruits the epigenetic regulation complex of KAP1 that 419 includes HP1, DNA methyltransferases, and the NuRD Histone deacetylase complex (49, 85). The 420 physical interaction between SRY and the KRAB domain has been mapped for both proteins (86, 93) . 421
Knockdown of KRAB containing proteins decrease some of the pathways needed for testis 422 determination, namely Sox9 (88). Even without the recruitment of the KRAB domain to regions of the 423 genome, following an initial recruitment of KAP1 to genomic regions, epigenetic modifications are 424 maintained for greater than 50 population doublings (7). This suggests a difficult to test hypothesis, 425
where expression of MSY genes such as Sry during early development could epigenetically 426 "masculinize" cells, and where the "masculinized" state is maintained following the removal of 427 expression of the MSY gene. 428 429
Sequencing variants in the MSY 430
To expand on previous identification efforts of SNPs that allow the classification of MSY variants into 431 different haplogroups (51), a high-coverage sequencing study was recently performed in a wide range 432 of samples that covers the majority of clades of the phylogeny. These efforts yielded 13,261 high-433 confidence SNPs, 66% of which were previously unreported (46). When these results were combined 434 to that of five other recent high-coverage sequencing studies, a total of 33,479 potential SNPs were 435 identified (albeit with lower confidence thresholds), and it is anticipated than even higher numbers of 436 SNPs will be identified in the near future (46). These newly discovered SNPs, when applied to 437 populations originating from as many as 128 countries, have allowed for an expansion and redefinition 438 of chrY haplotypes and sub-haplotype groups (83)(131)(96). Mapping SNVs in larger cohorts using 439 next-generation sequencing is becoming more common, allowing for mapping the characteristics of 440 human migration and the discovery of de novo variants (47, 53). Interestingly, some have recently 441 developed a new genotyping technique that combines validated multiplex PCR with Ion Torrent based 442 sequencing of amplified fragments, along with software tools to identify MSY SNPs (96). This 443 technique promises to make it possible to genotype simultaneously many more SNPs than what is 444 possible with techniques based on single-based primer extension chemistry, and yields tools to 445 perform efficient high-throughput genotyping for future phenotypic trait association studies. 446
447
The recent sequencing efforts have also be useful to further understand the idiosyncrasies of chrY 448 genetics. For instance, out of the 13,261 high-definition MSY variants recently reported (46), 259 449 result in missense, nonsense, and frame shift mutations within MSY genes (Fig. 1) . The frequency 450 distribution of damaging variations in MSY single-copy genes also suggests that purifying selection is 451 ongoing (46), which is in keeping with the findings that the genes conserved from the ancestral 452 chromosome represent in fact a group of highly conserved genes (10). As mentioned previously, the 453 lack of inter-chromosomal recombination impairs the removal of inserted retrotransposed sequences. 454
This has resulted in the occurrence on the MSY of retrotransposed genes such as Med14y in rat (94) 455 and CDY in humans (59). Also, studies have revealed that sequences on the MSY are less static 456 than previously anticipated. For instance, gene conversion is the process of nonreciprocal transfer of 457 sequence without crossover (either within or between chromosomes). Gene conversion events were 458 found to be abundant between arms of palindromes on the MSY (105) , as well as between the MSY 459 and chrX (103)(123). In the bovine MSY, conversion has driven massive gene duplications (10), with 460 copy number variants of TSPY in bull (Bos taurus and Bos indicus) being associated with the quality 461 of bull semen (75). Sequencing of the rat MSY (10) revealed duplication of the Sry gene with break 462 points of the gene duplication occurring at LINE elements, which suggests convergence (94). 463
Similarly, other wild caught rat species have undergone Sry duplication independently (15, 68, 94) , 464 domestic cats have multiple Sry genes (84), and humans with Turner syndrome or exposure to 465 radiation can undergo SRY gene duplication (90, 91) . 466
467
Progress in sequencing of the MSY has also revealed the extent of differences between several 468 species. In particular, the mouse MSY appears to be spectacularly different from humans or other 469 higher primates (117): 1) only 2.2% of the MSY derives from the ancestral autosomes that gave rise 470 to the mammalian sex chromosomes; 2) the remaining of the MSY is dominated by acquired 471 amplicons of three protein-coding and rodent specific gene families, comprising 126 Sly, 197 Srsy, 472 and 306 Ssty copies, and 3) in contrast to other species, 99.9% of the mouse MSY is euchromatic. 473
As mentioned above, copy number variation of Sly in the mouse MSY shows linkage to a paternal 474 parent-of-origin effect on autoimmune disease in female offspring (20) . 475
476
Of note, sequencing approaches still struggle with identification of indels on chrY, which may be 477 interesting in light of data showing that loss of chrY (LOY) may have impact on cell functions. In 478 prostate cancer, chrY is one of the most frequently lost chromosomes (128) . In the PC-3 human 479 prostate cancer cell line (which is devoid of chrY), back-transfer of chrY suppresses the tumorigenicity 480 of these cells, thus suggesting a functional importance of chrY (128) . LOY is also an event that 481 occurs frequently in normal hematopoietic cells from elderly men (44). In cancer-free men, it was 482 determined that the median survival times of subjects with LOY were 5.5 times shorter than that of 483 their counterparts without LOY, even after adjustment for common confounders, including age, 484 hypertension, exercise, smoking, diabetes, body mass index, blood lipids profiles and ancestry (44) . ChrY has long constituted one of the most challenging regions of the mammalian genome. The past 491 several years have seen an expansion of data on chrY, allowing for a better understanding of its 492 evolutionary characteristics, of its sequence variations, and the impact of the latter on disease and 493 complex traits. With the continuing decrease in the cost of genome sequencing, future chrY variants 494 will be identified within the several thousands of genomes that will be sequenced in the coming years. 495
Further resolution of variants will be useful to refine our understanding of how chrY may associate 496 with disease traits. Additional future human research will likely focus on somatic mutations, loss of 497 chrY, and the impact of gene convergence. 498
499
The new emerging picture of MSY genes, as evidenced by the fact that they are broadly expressed in 500 many tissues outside of testes and correspond to regulators of processes as fundamental as 501 transcription, translation and protein stability, is that they may have a significant impact on a variety of 502 biologic functions. One of the mechanisms whereby MSY variants may associate with disease traits 503
is that it appears that they may ultimately lead to changes in expression of other autosomal genes. 504
Animal models therefore remain critical for narrowing down such mechanisms. Having reliable 505 sequence for chrY in rodent models will make it possible to genetically modify MSY genes to study 506 disease associations. Future large scale analyses of phenotypic traits in chrY consomic mouse and 507 rat strains may also increase our ability to correlate chrY gene variants to phenotype, and ultimately 508 understand how orthologous genes may drive disease state in humans. One area that has not 509 received much attention yet is the potential involvement of non-coding RNA transcripts originating 510 from chrY, as these genes are likely to play a role in chrY biology. 511 512 Altogether, there is increasing evidence for connections between chrY genetic variation and disease 513 states, as summarized in Fig. 3 . Continuing association studies will be critical to help explain the 514 many sex biased disease states in human which are not only contributed to by the classical sex 515 steroid hormones, but also by chrY genetics. 
